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Chapter 1
Introduction
1.1 Polarized 3He
3He is a gaseous isotope of helium whose nucleus can be highly polarized. Polar-
ization is the degree to which the spins of a substance are aligned. The nucleus of
3He has two protons and one neutron, giving the nucleus an overall spin of 1/2. The
ground state of the nucleus is dominated by the configuration where the spins of the
two protons cancel (anti-aligned) and the neutron spin dominates, determining the
overall spin of the nucleus (Figure 1.1.) This makes 3He a good candidate for studying
the spin structure of the neutron as 90% of the time, its nuclear spin is determined
by the neutron.
Figure 1.1: The alignments of the spins of the 3He ground state are shown. The most
probable orientation shows the neutron determining the spin of the nucleus. The
numbers below each configuration show the probability of each arrangement.
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The unique spin arrangement of 3He has allowed several applications including
medical imaging, neutron polarization, and fundamental asymmetry studies [1]. This
study concerns understanding and optimizing 3He polarization for the purpose of
improving studies in fundamental physics. The type of 3He cells analyzed in this
study will be used in experiments like the Neutron Spin Asymmetry Experiment at
Thomas Jefferson National Accelerator Facility [2]. In this experiment, a beam of
polarized electrons is directed through a glass cell of 3He and the scattered beam is
studied to determine the spin asymmetry of the neutron (An1 ). The Figure of merit
(FoM) is given by
FoM = P 2t LIρ (1.1)
Where Pt is the target polarization, L is the cell length, I is the electron beam
current, and ρ is the density of 3He. Since the FoM goes by the square of the target
polarization, a small improvement in the polarization can benefit the experiment
greatly. Similarly, an improvement on the uncertainty in Pt improves the uncertainty
in the An1 measurement.
The spin structure of the neutron, and nucleons in general, is not yet understood, so
research on this topic can produce results for the field. This study focuses on enabling
this research by determining important values relevant to polarization, and studying
the interior polarization distribution in a cell. The first experiment seeks to isolate
κo, a dimensionless constant that relates the polarization in a
3He cell to its electron
paramagnetic resonance (EPR) frequency shift. In nucleon spin studies, this value
is important because the EPR frequency shift is measured periodically to determine
polarization at the time of the experiment. The second experiment seeks to spatially
map the alkali polarization, used to polarize 3He, in a given target using Faraday
rotation. This will give us a better understanding of how polarization is distributed
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inside a cell. This experiment can help us understand what causes benefit polarization
inside 3He cells, and can help us develop more uniformly polarized cells.
1.2 3He Cells and Polarimetry
3He is held in an aluminosilicate glass cell, referred to as just a ‘cell.’ Aluminosil-
icate glass is chosen to reduce loss of polarization due to collisions against the wall
material. It also has a low porosity which helps contain the gas [3]. Cells also con-
tain alkali metal vapors to facilitate 3He polarization through spin exchange optical
pumping (or SEOP, discussed in section 2.1.1.) Nitrogen is also present to aid alkali
relaxation in the SEOP process. The proportions of gas is chosen to maximize possi-
ble polarization with a given laser power. [4] In the cells in this study, the proportion
of K to Rb is about 1.7 at 235oC, which is the temperature whereabout the cell is
held. 3He is present at a number density of 8.1 amagats.
A 3He cell is placed inside an oven that uses the flow of hot air to heat the cell. This
allows the alkali metals to vaporize to facilitate 3He polarization. The oven and cell
are located in the center of two large Helmholtz coils that produce a linear B field at
the location of the cell. This allows hyperfine splitting to occur in the valence electrons
of the alkali, and aligns our polarization direction. A pump laser tuned to the right
frequency and polarization illuminates the cell in light. This drives SEOP inside the
cell. One set of coils is place around the cell to broadcast the radio frequency needed
for adiabatic fast passage (discussed in section 2.1.2). Another coil is placed below
the cell to broadcast the electron paramagnetic resonance (EPR) frequency, further
discussed in this section and 2.1.3. A photodiode with a D2 filter is placed above the
cell to observe fluorescence that occurs at the EPR frequency. This configuration is
shown in figure 2.7.
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The process of a cell losing its polarization is known as relaxation. This follows an
exponential form given by
P (t) = Poe
−Γt (1.2)
Where Po is the maximum polarization, Γ is the sum of relaxation factors, and t is
time. The time a cells takes to lose its polarization is known as its lifetime. Many
studies have been done on increasing cell lifetimes. While this is not the main end of
the studies done here, the results of these experiments can be used to help understand
cell lifetimes.
Polarimetry entails measuring how polarized a cell is. One way this is done is
through measuring the electron paramagnetic resonance (EPR) frequency shift upon
flipping the direction of polarization. This technique is known as frequency shift
polarimetry [5]. Before the EPR frquency can be measured, the cell is placed in a
magnetic field, and SEOP is used to polarize the 3He and optically pump the alkali
metals. At the moment the polarization is to be determined, a large portion of
the alkali metal atoms in the cell have their valence electrons in the 52S1/2 state.
Broadcasting a radio frequency that drives the hyperfine transitions in the alkali will
cause them to lose polarization. They are repolarized by optically pumping them to
the 52P1/2 state. From there, they can jump to the 5
2P3/2 through energy provided
from collisions. Decaying from this state to the 52S1/2 releases D2 light. From there,
the process repeats. Detecting D2 light lets us know we’ve achieved this cycle, and
thus are on resonance; (see Figure 1.2). The frequency at which this transition is
driven depends on the hyper fine splitting of the energy states. This can be derived
from the Breit-Rabi equation [6]
E|J=1/2mjImI〉 = −
∆Ehfs
2(2I + 1)
+ gIµBmB ± ∆Ehfs
2
(1 +
4mx
2I + 1
+ x2)1/2 (1.3)
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Figure 1.2: The transitions for Rb are shown with their corresponding wavelengths.
The transition driven during EPR is shown.
where
x =
(gJ − gI)µBB
∆Ehfs
(1.4)
and ∆Ehfs is the energy difference due to the hyperfine splitting. J is the quantum
number describing total angular momentum, I is the total nuclear momentum, g
is a Lande factor, and m = mI ± mj where mI is the z projection of the angular
momentum of the nucleus and mj is the z projection of the total angular momentum.
We see the second and third terms of the equation contain B, the magnetic term. The
magnetic term depends in part on the polarization of 3He. When 3He is polarized,
the small magnetic moments of the nuclei add up to produce an overall magnetic
field, added to the main field the cell rests in. The total polarization of the cell can
be deduced if the direction of the magnetic field due to the polarized 3He is flipped
so it may be subtracted from the resting magnetic field. The change of the frequency
at which EPR occurs is related to 3He polarization by
∆ν =
8pi
3
dνEPR(F,m)
dB
µHeκo[He]P (1.5)
Where dνEPR(F,M)
dB
is the rate of change of the EPR frequency with respect to ~B, [He]
is the density of 3He, and P is the polarization.
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κo is a dimensionless constant that depends on temperature, but not on the density
or polarization of 3He. κo represents the change to the EPR frequency shift due to
3He interactions with the alkali metals. If there were no interactions with the alkali
metal vapors, κo would be 1. However, alkali metals are present and the enhancement
to the change in frequency is brought about by attraction of the alkali electron wave
function to the 3He nucleus. [7] To isolate κo we must separate the portion of the EPR
frequency shift that is due to these interactions from that which is due to the magnetic
field generated from the polarized 3He. Once this is known, we can successfully relate
the EPR shift to the polarization by supplying a correct κo factor to correct for the
3He-alkali interactions.
Finding the value of κo is the goal of the first experiment in this study. It should
be noted that the value of κo is not a total mystery. Previous measurements have
measured κo = (5.990 ± 0.110) + (0.0086 ± 0.0020)(T -200.0) [8]. However, these
measurements were indirectly measured by finding the temperature dependence of κo
and normalizing to one value measurement. As κo described the interaction between
3He and the alkali metals, it’s important to specify which metal 3He is interacting
with. Our experiment will measure κo for K at temperatures near 235
oC, which has
never been directly measured. κo for each metal can be found by tuning the EPR
frequency to what corresponds to the transitions of that metal. Earlier discussion of
this used Rb as a model, but any alkali with similar transitions will exhibit the same
properties at different frequencies.
Measuring κo is valuable because the uncertainty on it is tied to the uncertainty
on 3He polarization. Knowing polarization with a low uncertainty will allow accurate
measurements. For the purposes of the Neutron Asymmetry Experiment, we intend
to measure κo within 2%.
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Once polarization of 3He can be measured, it is useful to know how the polarization
is distributed inside the cell. Previous studies have analyzed how the diffusion of 3He
and the relaxation time effect the polarization in regions of larger, two chambered
cells. [9] The alkali polarization in a cell can be spatially mapped to better understand
how it’s polarization is distributed in a cell. This can tell us where large relaxation
is occurring, and how the pumping laser spot size and location determines overall
polarization for different geometries. This is done by studying the Faraday rotation
(discussed in section 3.1.2) of a probe laser sent through various points of a cylindrical
cell. It should be noted that κo allows us to measure the polarization of
3He in our
cell, but out Faraday rotation measurements will only tell us of the polarization
of the alkali metals. Although the correlation between alkali polarization and 3He
polarization is not fully understood, a mop of the alkali polarization is sufficient to
improve understanding of overall polarization in the cell. An example cell is shown
with a varied polarization profile in Figure 1.3.
Figure 1.3: A cylindrical cell is shown. A varying polarization profile is indicated with
the color gradient. The probe beam is represented as passing through three locations
on the cell. Each path will pass through a different value of polarization. This can
be measured by observing the Faraday effect on the outgoing beam.
7
The first and second experiments together comprise a polarimetric study of 3He
cells. These experiments will bring us a better understanding polarization and re-
duce uncertainties on measurements of it. Results can help us understand sources of
relaxation leading to low lifetimes, measure absolute polarization, and local polariza-
tion.
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Chapter 2
Experiment I: Measuring κo
2.1 Theory
κo can be measured by isolating it from equation 1.5 in an experiment that involves
several techniques in atomic physics. First our cell is placed in a magnetic field, B,
referred to as the holding field. The field is generated by two large Helmholtz coils that
produce a linear field at the region of the cell. Next, the 3He needs to be polarized
and the valence electrons of the alkali atoms need to be pumped into the desired
state. This is achieved through spin exchange optical pumping (SEOP.) After the
cell is polarized, and the alkali is pumped, the EPR frequency needs to be measured.
The frequency is measured for opposing directions of spin polarization. To achieve
this, the spin direction is flipped using adiabatic fast passage (AFP.) This section will
detail the physics behind SEOP, AFP, and isolating κo.
2.1.1 Spin Exchange Optical Pumping
3He cannot be directly polarized with laser light. To polarize the cell, it is illu-
minated with circularly polarized laser light with a wavelength of 795 nm. Because
the cell is in a magnetic field, the valence electrons of the alkali metal vapors exhibit
the hyperfine and Zeeman splittings. Zeeman splitting separates the spin states of
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the valence electrons into different energies, depicted in figure 2.1. The circular po-
larization allows the angular momentum of the photon to be passed to the valence
electron. The frequency of the light pumps the electron from the spin down, 52S1/2
state to the 52P1/2 state. [10]
Figure 2.1: The introduction of a magnetic field allows the spin states of the electrons
to be separated into distinct energy levels.
After being pumped to the higher energy spin up state, 52P1/2, the electron can
decay back into either spin configuration of the ground state, mj = −12 or mj = +12 .
Only atoms in the mj =
1
2
state can be pumped again, creating a growing population
in the mj = −12 state. (see Figure 2.2). Over time, most alkali atoms will be in the
mj = −12 state and the gas will be polarized. The alkali atoms pass their polarization
to the 3He through spin exchange collisions and the cell becomes hyperpolarized.
This two stage process of pumping the valence electrons of the alkali metals to the
mj = −12 state, and polarizing the 3He via spin exchange collisions is known as spin
exchange optical pumping, or SEOP. [10]
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Figure 2.2: Spin exchange optical pumping is shown. The effect of the laser is depicted
by the diagonal arrow, which carries electrons from the lower spin down state 52S1/2
to the 52P1/2 state. From there, the electron can lose energy due to relaxation of
exchange collisions. Over time, electrons accumulate in the 52P1/2 state. At this
point, most of the 3He has been polarized and can no longer absorb spin from the
alkali metal, and the gas is considered optically pumped.
2.1.2 3He Spin Flipping via Adiabatic Fast Passage
The 3He nucleus has a small magnetic moment denoted µHe. When we polarize
the 3He, the magnetic moments point in the same direction. This generates a small
magnetic field along the direction of polarization defined by a local magnetic field ~BHe.
In our experiment, the 3He is placed in a holding field, B, generated by Helmholtz
coils. The potential energy of each magnetic moment is given by
E = −~µHe · ~B
When the cell is polarized, the spins are aligned in the same direction as B, the
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energy given by this arrangement if E = −µHeB. However, if we were to flip the
direction of the spins so they are anti-aligned with B, the energy is now E = µHeB,
making ∆E = 2µHeB. Broadcasting a radio frequency (RF) at the energy difference
between the two spin orientations will allow us to flip the spin orientation by 180o,
a process known as adiabatic fast passage (AFP.) The AFP frequency is found by
relating E = hν to ∆E = 2µHe B and solving for ν.
2.1.3 Isolating κo
As discussed in the introduction, κo relates the change in the EPR frequency to
the polarization in the cell. This relation is given in equation 1.5. In this equation,
we find two unknowns: the value of κo and the polarization (which we are seeking to
measure.)
EPR occurs when a broadcasted frequency excites the valence electrons to the
52P3/2 state. The decay from this state back to the 5
2S1/2 produces a florescence
of D2 light, which can be detected. The shift in frequency this resonance occurs at
is dependent on the additional magnetic field due to the polarization of 3He, and
the additional factor due to interactions between 3He and the alkali metals, κo. We
are looking to isolate this interaction constant from the shift due to magnetization.
This will complete equation 1.5, allowing us to measure polarization in situ from the
magnetic contribution to the EPR shift alone.
The additional magnetic field can be calculated if one considers the direction of
polarization and the geometry of the situation. If we have terms for the magnetization
in two orientations, we can supply them to equation 1.5 and subtract the magnetic
contribution away to isolate κo A cylindrical cell allows for ~BHe to be found using
the magnetization of a cylinder. If the cylinder is placed along ~B and perpendicular
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to ~B, we achieve the following equations for the expected frequency shifts (see figure
2.3 for geometry)
∆νL =
dvEPR(F,M)
dB
µHenHePHe(
8pi
3
κo + (4pi − 8pi
3
)) (2.1)
∆νT =
dvEPR(F,M)
dB
µHenHePHe(
8pi
3
κo + (2pi − 8pi
3
)) (2.2)
Where ∆νL denotes the frequency shift in the ‘longitudinal’ (perpendicular to ~B)
direction, and ∆νT denotes the ‘transverse’ (along ~B) direction. Knowing ∆νL and
∆νT allows us to solve for κo [7] The longitudinal and transverse directions are shown
in figure 2.3.
Figure 2.3: A cylindrical cell is represented by the long rectangles. The cell is placed
in a holding field whose direction is indicated in the figure. The figure shows how
the magnetization, M, for each direction is different. The measurement of the EPR
frequency shift is taken in both directions. The magnetic field due to the polarization
can be isolated by comparing the EPR shift in both orientations.
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2.2 Experiment
2.2.1 Experimental Method
The aim of this experiment is to measure κo so we can determine the polarization
of a 3He cell from the change in EPR frequency from before and after a spin flip
(done by AFP). Logically, the first quantity of interest in our experiment is the EPR
frequency. We begin this process by warming the cell to 220o C to vaporize the alkali
metals. Once this is achieved, we illuminate the cell in circularly polarized light of
wavelength 795 nm, which will drive optical pumping. The light is supplied by a laser
and passes though a linear polarizer, then a quarter wave plate to produce circular
polarization at the desired pumping frequency. After some time is allowed for the cell
to polarize (about 5 hours,) we can begin the hunt for the EPR frequency.
The EPR frequency is found using a frequency modulation (FM) sweep, its value
is usually around 17.4 MHz, which corresponds to the hyperfine transition that de-
polarizes the alkali, mF = −2 to mF = −1. We use a coil located close to the center
of the cell to broadcast frequencies and sweep around the expected EPR frequency.
When we achieve EPR, we will see a peak in D2 light emission. The value is recorded
and used for the experiment. A plot of the FM sweep is provided in Figure 2.4.
We now have a hyperpolarized cell in a ~B field whose EPR frequency we know. The
rest of the experiment involves flipping the direction of 3He spins and measuring its
effect on the EPR frequency. The first step is to record the EPR frequency for a short
time interval. We then use AFP to flip the 3He and measure the EPR frequency again.
We expect the frequency to be vary symmetrically above and below the baseline (the
expected EPR frequency without added ~BHe.) This produces a pattern shown in
Figure 2.5 [7].
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Figure 2.4: FM sweep results. The electronics display the derivative of the signal, so
the peak of the light occurs at the x axis crossing.
After measuring the EPR shift once in the longitudinal orientation, we turn the
cell to measure the shift in the transverse orientation. The process of AFP spin flip
and EPR measurement is repeated. This measurement produces a different EPR shift
from the previous. After measuring the value in the new orientation, we return to the
first and repeat. The pattern is repeated about 21 times for accuracy. (See Figure
2.6)
Hidden in this experiment is the task of locking on to and maintaining, the EPR
frequency. The task begins after the resonance is found as the value may shift due
to small changes in overall polarization and other environmental factors. We are also
interested in locking on to our changed EPR frequency after we flip the direction of
the spins. We lock on to the frequency by feeding the signal from the photodiode
into a lock in amplifier which discriminates the resonance signal from the noise. The
output of the lock in amplifier is fed into a PI circuit which feeds into the EPR coil.
The PID circuit regulates the frequency broadcasted by the EPR coil so it can remain
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Figure 2.5: The shift of the EPR frequency is seen in the higher and lower values.
Each switch shows the EPR value at one spin direction.
on resonance. As the signal drifts away from the initial value, the new one is locked
onto by the amplifier and the PID which moves the value of the broadcasted RF to
maintain resonance. The process is a closed feedback loop.
2.2.2 Experimental Setup
The cell is placed in an oven heated by the flow of hot air. The cell is a cylinder about
20 cm in length by 1 cm diameter. The temperature is regulated by five variacs and
measured by two thermocouples attached to the cell. A column immediately below
the cell holds the EPR coil, from which the EPR frequency is broadcasted. Two coils
to the side of the cell broadcast the AFP RF to flip the spin direction of 3He. A set of
Helmholtz coils in front of and behind the cell (in the frame of the Figure 2.7) create
the holding field, ~B.
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Figure 2.6: The sequence of EPR shift measurements are shown. The first shift
shows the longitudinal direction, the second, the transverse. The pattern repeats.
We observe a difference in the EPR shift for each orientation. The shift decreases as
we slowly lose polarization due to AFP and EPR RF.
The figure does not show the optics following the laser. We measure the power
of the laser though a black body power meter and regulate the laser temperature
with cool water flowing below the rig. We measure the frequency of the light with a
spectrometer.
Above the oven is the photodiode with a D2 filter. The photodiode measures
fluorescence at D2 resonance frequency and its output feeds into our electronic in-
struments. The loop depicted shows the communication between the lock in amplifier
and the PID circuit. The modulation source is used to modulate the incoming signal
so the lock in amplifier can identify and isolate the signal. In practice the modulation
source is included in the amplifier apparatus. The RF generator feeds the EPR coil
the RF required by the feedback system.
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Figure 2.7: Experimental set up. The oven is shown in yellow. The feedback system
is shown on the right. The Helmholtz coils are in front of and behind the oven, and
the AFP coils are to the left and right.
2.3 Results
The plot shown in figure 2.6 shows the EPR frequency shift after AFP spin flips for
both directions. These values are sufficient for us to extract κo. We begin by isolating
the value of the EPR frequency shift, ∆νL and ∆νT for each direction, by isolating
the ‘baseline.’ For any spin flip represented on the plot, the upper and lower values
represent the EPR frequency at opposing spin directions. The value at the center of
the two (shown in figure 2.8) is called the baseline. The baseline represents the value
of the EPR frequency if there was no additional magnetic field due to polarized 3He.
We take the frequency shift to be the difference between the value measured for each
spin orientation, and the baseline.
These values for the EPR frequency shift are the left hand values of equations 2.1
and 2.2. The system of equations can be rearranged to eliminate PHe, the polarization
of He, and isolate κo. Extracting the value of the EPR frequency shift involved
collecting data for many trials, correcting for depolarization, and aggregating the
shift values for each orientation. Becuase κo has a slight temperature dependence,
this data collection was repeated for several temperatures ranging from 180oC to
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Figure 2.8: The baseline is shown in green. This value represents the EPR frequency
if there was no additional magnetic field from the polarized 3He.
250oC.
Our preliminary results are shown in figure 2.9. Its important to note data analysis
is still underway, and this does not represent the final value. We see the expected
temperature dependence which may come from an increase interaction strength at
higher energy. The plot compares our data to the current value of κo, which was
extrapolated from lower temperature and normalized to previous data. Our mea-
surement represents a direct measurement of κo for K at the temperatures given.
[8]
We needed to find the value of κo directly because the previous, extrapolated data
has too high an uncertainty. Our preliminary value for κo is given by the fit produced
in the plot given by:
κo = (6.103± 0.021) + (0.0071± 0.0008) ∗ (T − 200.0) (2.3)
This compares to the fit from Babcock’s data:
κo = (5.990± 0.110) + (0.0086± 0.0020) ∗ (T − 200.0) (2.4)
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Figure 2.9: Preliminary plot for κo shown. κo is plotted on the y axis and is dimen-
sionless. Temperature in Celsius is plotted in the x axis. Our points and fir are shown
in blue, and are compared to previous measurements from Earl Babcock, shown in
black.
While analysis is still underway, we believe we found the value within 2% uncertainty.
This uncertainty is sufficient for polarization measurements of 3He polarization at the
Thomas Jefferson National Accelerator Facility (see equation 1.1.)
2.4 Error
The process of error analysis and correction is still underway. Preliminary, we have
included two sources of error manifesting on the plot as the horizontal and vertical
error bars. The horizontal error bars were taken from an estimated uncertainty of 2oC
on our temperature measurements. This is error comes from temperature variations
throughout the cell and uncertainty associated with the thermocouples that measured
20
the temperature. The vertical uncertainty was taken from a propagated uncertainty
from the randomness in the EPR frequency shift measurement. A varying value for
this shift produces different values of κo. The mean value for κo was found for each
measurement of the frequency, and the standard deviation of its value was found.
The error is given by
σ√
N
(2.5)
Where σ is the standard deviation of the κo measurements and N is the number of
measurements.
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Chapter 3
Experiment II: Measuring the
Spatial Dependence of Alkali
Polarization
3.1 Theory
3.1.1 Polarized Light
Polarized light is light whose oscillations are aligned in a coherent direction. Light
whose electric field component only oscillates in the x direction is vertically polarized.
Combinations of phases and intensities in the x and y direction can produce polar-
izations at skewed angles, or circular polarizations. Examples of various polarizations
are shown in figure 3.1. 1
The polarization of any beam of light can be described using a polarization ellipse.
Circles and lines corresponding to circular and linear polarizations can be interpreted
as instances of ellipses with eccentricities 0 and ∞ respectively. The eccentricity and
angle made in the plane of propagation relative to the horizontal axis is all that is
needed to describe the polarization ellipse of a beam of light. [11] The polarization
1Polarization in this sense has nothing to do with polarization discussed in the previous section,
this is an unfortunate double-usage.
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Figure 3.1: Various polarizations of light are shown. Vertical light only oscillates in
the x direction. Circularly polarized light propagates in a circular ‘spiral’ motion
due to x and y components being out of phase pi
2
and equal in amplitude. Ellipti-
cal polarization occurs as a result of certain combinations of unaligned phases and
amplitudes.
ellipse can be understood as the path a small charged particle on a string would
make in the presence of these oscillating fields, the normalized aggregate shape made
over over period of oscillation in the plane of propagation, or as a Lissajous figure of
the parameterized components. [12] These ellipses serve as a visual aid in describing
polarization states.
3.1.2 Faraday Rotation
Faraday rotation (or ‘the Faraday effect’) occurs when a beam of linearly polarized
light passing through a magnetic field rotates its direction of polarization. The effect
is produced by circular dichromism and circular birefringence. Circular dichromism
occurs when a material absorbs more of one circular polarization (left-handed or
right-handed.) Circular birefringence occurs when a material has different indeces of
refraction for left vs right handed circular polarization. Figure 3.2 shows the Faraday
effect using polarization ellipses. [13]
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Figure 3.2: The Faraday effect is depicted from left to right using the polarization
diagrams described in section 3.1.1. In (a), the beam is shown to be linearly polar-
ized in the y direction. (b) shows the polarization in (a) decomposed into left and
right circular polarizations. (a) and (b) are equivalent formulations for the incoming
polarization. In (c), the light passes through a magnetized medium. (d) shows the
outgoing light. The Faraday effect has caused the proportions of right to left circu-
lar polarization to change, resulting in the elliptical polarization shown in (e). The
narrow ellipse is simplified to a line in (f) and the Faraday angle, φr is shown.
The angle between the incoming and outgoing polarization is known as the Faraday
angle, φr. A statement for φr is quickly derived here. An incoming beam of light
polarized in the x direction can be denoted:
E˜ = Eoe
i(kz−ωt)xˆ (3.1)
Eo is the amplitude of the electric field, k is the wave number, ω is the frequency, t is
time, and xˆ is a unit vector pointing in the x direction. Just as is shown in figure 3.2,
this beam can be decomposed into left and right circular polarization as follows:
E =
Eo√
2
(|R〉+ |L〉) (3.2)
Where |R〉 = 1√
2
(
1
i
)
and |L〉 = 1√
2
(
1
−i
)
As the light passes through the magnetized medium, the left and right circular
polarizations are unevenly effected by the Faraday effect. This is described by intro-
ducing an attenuation and a phase shift to equation 3.3.
E = Eo
e−iωt√
2
(e−ik¯Rl |R〉+ e−ik¯Ll |L〉) (3.3)
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Where l is the length traveled through the medium and k is
k˜ = k + iκ (3.4)
Through some algebra, this statement can be expressed in terms of the observable
|X〉 and |Y 〉 if
|X〉 =
(
1
0
)
(3.5)
and
|Y 〉 =
(
0
1
)
(3.6)
We can construct
~E = E˜x |X〉 − E˜y |Y 〉 (3.7)
Where
E˜x = E˜ ′(cosφr cos βr − i sinφr sinh βr) (3.8)
E˜x = E˜ ′(sinφr cos βr − i cosφr sinh βr) (3.9)
Where
E˜ ′ = Eoeiωteik˜Rlei
δk˜l
2 (3.10)
And
k˜ = k˜L − k˜R (3.11)
Finally, we have arrived at a statement for the Faraday angle, φr, and the attenuation
βr
φr =
δkl
2
(3.12)
βr =
δκl
2
(3.13)
However, we want to relate our description of the Faraday angle to the magnetization
of our substance. To do this, we need to relate k to the electric displacement and
polarizability of our medium. We’ll now take our medium to be polarized alkali vapor
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in a magnetic field. For linear isotropic media, the electric displacement is ~D =  ~E+ ~P
where ~P is the electric dipole per unit volume, P = [A]p = [A]α~E, p is the atomic
polarizability [14] which is αE. [A] is the density of Alkali in our cell. Through some
algebra, it can be shown that
k˜ =
ω
c
(1 +
α˜[A]
2o
) (3.14)
Where ω is the frequency of the light, c is the speed of light, and  is the permeability
of free space. α˜ has a tilde because it can be complex. Thus
δk˜ =
ω[A]
2co
δα˜ (3.15)
Where
δα˜ = α˜L − α˜R (3.16)
The δα˜ describes the change in the right and left circular polarizations. Our new
term for the Faraday angle is
φr =
lω[A]
4co
Re[δα˜] (3.17)
Thus, if δα˜ = 0, there is no unequal change in right versus left circular polarization,
and there is no Faraday angle. For an experimentally useful relation, we need to
relate δα˜ to the total spin polarization, P, in our medium. These calculations vary
by medium and here are done for the species of alkali metal present in our cell. Time
dependent perturbation theory is used to derive
φr = −
(
e2
12mco
)
P [A]lω
[
1
ωD2
∆D2
∆2D2 +
γ2D2
4
− 1
ωD1
∆D1
∆2D1 +
γ2D1
4
]
(3.18)
Where ωD2 is the frequency of the D2 transition for the corresponding alkali metal,
ωD1 is the frequency of the D1 transition, ∆D1 is the difference between the frequency
of the incoming light and the D1 transition, ∆D2 is the same for the D2 transition,
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and γ is a phenomenological damping term. Introducing the following simplifica-
tions:
f1 =
1
ωD2
∆D2
∆2D2 +
γ2D2
4
(3.19)
f2 =
1
ωD1
∆D1
∆2D1 +
γ2D1
4
(3.20)
We have
φr = −
(
e2
12mco
)
P [A]lω[f1 − f2] (3.21)
Finally, we consider the effects of a mixed medium. This is necessary because our
cell is a ‘hybrid’ cell containing K and Rb. Thankfully, the Faraday effect for mixed
media is additive
φtotr = φ
Rb
r + φ
K
r (3.22)
Which means to achieve a final statement for Faraday rotation in our cell, we need
to introduce a term for the ratio of K to Rb. Where D = [Rb]
[K]
, the number density
ratio of our alkali metals, we have
φr = −
(
e2
12mco
)
P [K]lω
(
[fRb1 − fRb2 ]/D + [fK1 − fK1 ]
)
(3.23)
This is the main equation for our experiment. It relates the polarization, P , through
a path of length l to a Faraday angle, φr. [13] The frequency, ω can also be varied to
vary φr. With this equation, we can model how polarized our alkali is by fixing the
frequency of a probe beam and measuring φr for various paths through a our hybrid
cell. We can use φr to find the polarization through each path. This data can be
used to create a spatial mapping of polarization in a cell. 2
2This section closely follows the work in Peter Dolph’s Thesis, Chapter 4: Faraday Rotation.
Algebra that was skipped over can be found here [13]
27
3.1.3 Matrix Methods for Polarization Optics
For our study, it will be useful to describe the polarization of light using vectors
and matrices. The goal of this section is to develop a system that allows us to
generate theoretical predictions for our Faraday rotation experiment using matrices
and vectors. Because polarization can be generally described using ellipses and angles,
one can use a compact matrix-based system of notion to denote polarizations and
transformations of it.
We begin with the general descriptions for the vertical and horizontal components
of the electric oscillations of a beam of light. In the x direction, we have
Ex = H cos
(
ω
(
t− z
c
)
+ φx
)
(3.24)
And in the y direction we have
Ey = K cos
(
ω
(
t− z
c
)
+ φy
)
(3.25)
Where H represents the peak amplitude in the x direction, K represents the peak
amplitude in the y direction. ω represents the frequency, t is time, z is the axis
of propagation, c is the speed of light, and φx and φy are the phases of x and y
respectively. Encoded in these equations is all the information needed to describe
polarization. Recall from section 3.1.1 that the polarization is determined by the
relative amplitudes of the x and y vibrations, along with their phase differences. A
polarization ellipse can be produced with this information if we introduce a term for
the phase difference ∆ = φy − φx and parameterize
x = H cos (ωt) (3.26)
y = K cos (ωt+ ∆) (3.27)
A plot of these two equations creates a Lissajous figure representative of the polar-
ization ellipse.
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We can describe the polarization of any beam as a linear combination of
1. The linear polarization in the vertical direction
2. The linear polarization in the 45o direction
3. The right hand circular polarization
These three polarization directions span the space of all possible polarization config-
urations. A beam of light can be describe by adding a term for its total intensity,
and describing components 1-3 in terms of their intensities. This notation is know as
the Stokes parameters.
The Stokes parameters are given by [12]:
~S =

I
Q
U
V
 =

Total intensity
Intensity of vertical polarization
Intensity of 45o polarization
Intensity of right circular polarization
 =

H2 +K2
H2 −K2
2HK cos ∆
2HK sin ∆
 (3.28)
Where
I2 = Q2 + U2 + V 2 (3.29)
Immediately, we can describe some basic forms of polarization [15]
Vertical Polarization is given by

1
1
0
0

Horizontal Polarization is given by

1
−1
0
0

45o Polarization is given by

1
0
1
0

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Right Circular Polarization is given by

1
0
0
1

Left Circular Polarization is given by

1
0
0
−1

This notation is sufficient to describe the polarization of a beam traversing a vacuum
for all time. Describing how the polarization would change as the beam interacts
with media and optical devices is of greater interest. Measuring how the polarization
changes when a probe beam traverses a magnetized medium is the goal of our Faraday
rotation study. Thus, developing a matrix method to describe these interactions would
be sufficient to simulate our experiment and produce theoretical results.
In a lab setting, there are several optical devices that effect the intensity and
polarization of a beam. A linear polarizer discriminates incoming light allowing light
of only one linear polarization access to pass. Linear polarizers’ axes can be varied to
output light of any desired polarization direction. A half wave plate (HWP) rotates
the angle of linear polarization of incoming light. This differs from the linear polarizer
as it does not discriminate a component of incoming light, it rotates the whole beam
without reducing the amplitude of an incoming oscillation direction. Like the linear
polarizer, a HWP can vary its axis to vary the angle of outgoing polarization. Finally,
a quarter wave plate (QWP) turns incoming linearly polarized light into outgoing
circularly polarized light by changing the relative phases of the oscillating components.
Figure 3.2 shows an example of a beam of light passing through some of these optical
components.
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Figure 3.3: A beam of incoherent, unpolarized, light is shown incoming on the right. It
passed through a linear polarizer at an arbitrary angle that only allows one orientation
of linear polarized light to pass. It then passes through a QWP which transforms the
beam into circularly polarized light.
As these optical components affect the polarizations and intensities of an initial
beam of light. And as we can describe the total intensity as well as the intensities of
the polarization components through the Stokes vectors, we can describe these tran-
sitions using matrix multiplication on the Stokes vectors. This method of describing
optical changes using matrices has been described by using the Mueller Calculus [12].
Where M is a matrix describing any polarization and intensity changing component,
the polarization of a beam of light before and after interaction can be described
as
~S2 = M ~S1 (3.30)
Where ~S1 is the Stokes vector describing incoming light and ~S2 describes the Stokes
vector of the outgoing light. The matrices describing the different optical components
discussed above are:
An ideal linear polarizer at angle θ
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M linpol =
1
2

1 cos 2θ sin 2θ 0
cos 2θ (cos 2θ)2 cos 2θ sin 2θ 0
sin 2θ cos 2θ sin 2θ (sin 2θ)2 0
0 0 0 0
 (3.31)
A Quarter Wave Plate with fast axis at angle θ
M QWP =

1 0 0 0
0 (cos 2θ)2 cos 2θ sin 2θ − sin 2θ
0 cos 2θ sin 2θ (sin 2θ)2 cos 2θ
0 sin 2θ − cos 2θ 0
 (3.32)
A Half Wave Plate with fast axis at θ
M HWP =

1 0 0 0
0 cos 4θ sin 4θ 0
0 sin 4θ − cos 4θ 0
0 0 0 −1
 (3.33)
Using these matrices for M in equation 3.29 and repeated multiplication can be
used to simulate many in-lab optical arrangements. This method will be used to
make predictions for our experiment, and will be further explored in section 3.2.
For now, one final object of interest is plotting the polarization ellipses for outgoing
beams of light described by their Stokes parameters. While the polarization ellipse
was discussed in terms of H, K and ∆ earlier, there is no way to measure them in
the lab. It may be helpful to plot an ellipse from the Stokes parameters which relate
in-lab measurements of intensities and polarizations to the ellipse.
Figure 3.4 shows an arbitrary ellipse. We want to relate the stokes parameters to a
plot of this variety. The parameterized equations for an ellipse can be used to create
a matrix to draw an ellipse oriented on the x axis. The angle Ψ can be used to create
a rotation matrix to turn this ellipse to the desired angle. The eccentricity of the
polarization ellipse is related to the Stokes parameters through [16]
e2 =
2
√
Q2 + U2
1 +
√
Q2 + U2
(3.34)
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Figure 3.4: An arbitrary ellipse is shown rotated from the x axis at angle Ψ and with
semimajor axes a and b.
Where e is the eccentricity, and Q and U are the Stokes parameters. The angle of
rotation, Ψ is given by [15]
tan 2Ψ =
U
Q
(3.35)
Using these formulas, an ellipse depicting any polarization of light describe by a Stokes
vector can be produced. It should be noted, these ellipses are for visual aid and give
us a sense for how the outgoing light looks. They are not the final end of our study
in Faraday rotation.
Figure 3.5 shows an ellipse for an arbitrary beam of light with the Stokes vec-
tor
~S =

1
0.1654
0.3716
−0.9135
 (3.36)
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Figure 3.5: Ellipse for our arbitrary Stokes vector plotted. The axes are unitless
parameterizations. The plot is normalized so the maximum semimajor axis is 1.
3.2 Experiment
3.2.1 Experimental Setup
The experimental setup is shown in figure 3.6. The collection of optical compo-
nents to the left of the cell including the PBS, ND filter, rotatable HWP, and the
photodiodes together are known as the ‘balanced polarimeter.’ This part of the setup
is where the outgoing light is broken down into its x and y components and ana-
lyzed. The ND filter dims the incoming light, and the HWP allows us to correct for
uneven gains on the photodiodes, and will be used to isolate the Faraday angle. The
PBS splits incoming light into its x and y components. The photodiodes measure
the intensity of the light as an output voltage. By comparing the measurements on
the photodiodes and knowing the incoming polarization angle of the light, we have
information to deduce the Faraday angle, φr.
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Figure 3.6: The experimental setup is shown. Polarizing beam splitter is abbreviated
to PBS. Neutral density is abbreviated to ND. The path of the probe laser is shown
in red, and the pump laser is shown in light green. In reality, the pump and probe
laser will need to be nearly parallel, not perpendicular as shown in this figure. The
equipment necessary for heating the cell and regulating its temperature is not shown.
[13]
To extract the Faraday angle, we invoke equations 3.7 and 3.8, where the complex
components of the x and y oscillations are defined. These quantities are given in
terms of φr and βr. The modulus of these quantities is measured in the x and y
components seen by the photodiodes. The common factor of E˜ ′ can be eliminated by
the asymmetry ratio of the two components.
∆
Σ
=
∣∣∣E˜x∣∣∣2 − ∣∣∣E˜y∣∣∣2∣∣∣E˜x∣∣∣2 + ∣∣∣E˜y∣∣∣2 =
cos 2φr
cosh 2βr
(3.37)
Thus, we see the asymmetry between the measured x component measured at one
photodiode and the y component measured at the other can be related to the Faraday
angle, φr. There is the βr term which needs to be eliminated to allow this. If we use
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sufficiently detuned light and work near a resonance, βr becomes
βr ≈ −γ
2∆
φr (3.38)
And, using some algebra, we can rearrange our statement into
∆
Σ
= N cos 2Φ (3.39)
Where N is an empirical normalization factor and
Φ = 2φh − φr (3.40)
Where φh is the angle the HWP makes with the incoming probe beam. [13]
3.2.2 Experimental Method
The goal of this experiment is to map the spatial dependence of alkali polarization
in a cell using Faraday rotation measurements. We map alkali metal polarization as
opposed to 3He polarization because the alkali metals account for nearly all of the
Faraday effect on a laser of our operating frequency. Probing alkali polarization can
help us understand how alkali polarization affects total 3He polarization (see section
2.1.1.)
We begin our experiment by measuring the asymmetry for the incoming beam
without polarization in the cell. This gives us a base measurement for the asymmetry
without Faraday rotation. Next, we heat up our cell to vaporize the alkali metals
and polarize it using SEOP. Keeping our pumping laser on, we will pass a probe
laser at a fixed frequency through the cell. Choosing the frequency of the probe laser
is a delicate task. A plot of equation 3.22 where polarization is kept constant, but
frequency (shown in figure 3.7) reveals several asymptotes where the Faraday angle
varies greatly. We are interested in measuring the absolute Faraday angle, so placing
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the frequency near an asymptote will produce angles very large, quickly rotating
angles that will be difficult to measure.
Figure 3.7: The value of the Faraday angle (in degrees) is plotted for a varying
frequency (given in terms of wavelength) of the probe laser. Asymptotes are seen at
the the D2 and D1 transitions for Rb and K. This is expected from equations 3.18
and 3.19. [13]
From figure 3.7, we see placing the laser frequency in a region where the Fara-
day angle’s rate of change is relatively slow. Thus, a wavelength around 787 nm is
ideal.
As the cell polarizes, we monitor the asymmetry plot to track the absolute value
of φr, which can be greater than 2pi. Once we have measured the Faraday angle for
our initial position, we record the value and change the position of the probe laser
through our cell. The small change in φr for the varied position will change the
asymmetry measurement. The change in angle from our base measurement can be
found by turning our HWP before the balanced polarimeter until we reach the base
asymmetry measurement. The angle we turned the incoming light through to achieve
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the initial asymmetry measurement tells us how much the Faraday angle changed
from the initial path to the second path. This process can be repeated for several
points throughout the cell.
Our cell is a right circular cylinder. The probe beam will enter and exit through
the circular faces of the cell. We plan to measure across the diameter of the cell
to track how polarization decays as we approach the walls. The exact points we
measure through will be actively determined by what regions of the cell are of interest
pending initial results. In general, we would like to produce as complete a map as
possible for the cell. Measurements can be repeated to produce maps of the cell
under various conditions. Varying the temperature and laser spot size are potentially
interesting factors. Understanding how these factors affect the spatial distribution of
the polarization is an ultimate goal of this study.
3.2.3 Computer Simulation using Matrices
As the polarization of a beam of light can be completely described using the Mueller
calculus described in section 3.1.3, we can model our experiment using this method.
Every optical component shown in the set up has a corresponding matrix shown in
equations 3.30-3.32. The cell in which the probe beam is rotated by the Faraday effect
can be modeled as an additional HWP. Beginning with the balanced polarimeter, we
can model this as two ideal linear polarizers with axes at 0o and 90o. We multiply
each matrix by the incoming Stokes vector to produce the different outputs. For the
x component, we have:
Mxlinpol =

1
2
1
2
0 0
1
2
1
2
0 0
0 0 0 0
0 0 0 0
 (3.41)
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For the y component, we have:
Mylinpol =

1
2
−1
2
0 0
−1
2
1
2
0 0
0 0 0 0
0 0 0 0
 (3.42)
For any incoming Stokes vector, ~S, the asymmetry, ∆
Σ
can be found using
∆
Σ
=
~A1 − ~B1
~A1 + ~B1
(3.43)
Where the subscript 1 denotes the first element in the column vectors
~A = Mxlinpol~S (3.44)
~B = Mylinpol~S (3.45)
At this point we have calculated the stationary asymmetry for an incoming beam
of light with an arbitrary polarization. The Stokes vector in equations 3.43 and 3.44
can contain any combination of polarizations. The first element in the Stokes columns
~A and ~B will tell us how bright the light is after the x and y polarizations have been
separated respectively. We can study how the asymmetry varies if we turn the angle
of incoming light. To do this, we must develop a Stokes vector for a linearly polarized
beam of light that can be incrementally rotated from 0 to 2pi. This is given by
~Srot =

1
sin
(
2θ + pi
2
)
sin (2θ)
0
 (3.46)
When θ, a parameter for rotation, is incremented from 0 to 2pi, we produce a linearly
polarized beam that turns from 0 to 2pi. The value of the asymmetry for this rotating
beam is shown in figure 3.8 Next we can model the effect of the incoming light being
rotated to a Faraday angle by introducing a HWP before the balanced polarimeter.
HWPs rotate the angle of polarization, much like a Faraday rotation. We expect
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Figure 3.8: The asymmetry can be found for any angle of linear polarization. The
angle the linear polarization is given in radians on the x axis, and the value of the
asymmetry is given on the y axis.
the Faraday effect to impart a small amount of elliptical polarization to our light
which the HWP will not do. It is still a safe assumption to model Faraday rotation
using a HWP because the small elliptical polarization is negligible and ignored in
calculations. We repeat the calculations used to make figure 3.8 but add a HWP at
an arbitrary angle, 23o. Thi is given by the following matrix
MHalf wave =

1 0 0 0
0 −0.0349 0.9994 0
0 0.9994 0.0349 0
0 0 0 −1
 (3.47)
We take MHalf wave and multiply it by the rotating light ~Srot at small increments of θ.
We take the result of that and pass it through our balanced polarimeter by multiplying
Mxlinpol and Mylinpol by it. The results are used in equation 3.42 to produce a plot
of the asymmetry for the varying incoming angles, shown in figure 3.9. We see what
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Figure 3.9: The asymmetry shown with the same method as in figure 3.8, but with
an additional HWP at 23o. The x axis plots radians of incoming polarization and the
y axis plots asymmetry.
we expected: the introduction of a HWP moves the phase of the asymmetry plot.
This is because the HWP turns the angle of polarization further than its incoming
value. For the first asymmetry value at θ = 0, the HWP adds a Faraday angle, φr.
Consequently, our asymmetry plot begins at a a value for a different incoming angle.
This is equivalent to a shift in phase. Conveniently, we see the choice of 23o on the
HWP is about equal to a pi
2
frequency shift. As a visual aid, our code is also capable
of producing the polarization ellipse for any point in the rotation before the balanced
polarimeter produces the asymmetry measurement. For example, when θ = pi
4
shown
in plot (a) in figure 3.10, the plot shown in (b) is output by the rotation before
analysis by the polarimeter.
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Figure 3.10: The rotation of polarization is illustrated. The incoming polarization is
plotted in (a), and the outgoing rotated light is shown in (b).
Plots like in figure 3.8 and 3.9 are all is needed to deduce the Faraday angle.
From the idealized perspective of a computer simulation, we can find the Faraday
angle by fitting our function. This technique differs from the practical technique of
varying a HWP to match an initial known asymmetry measurement. We see the
initial asymmetry plot in figure 3.8 is given by
f(θ) = cos (2θ) (3.48)
The plot in figure 3.9, where a Faraday rotation has been introduced, has merely added
a phase shift to the initial plot. The plot for the initial beam could be understood as
a plot from 0 to 2pi for equation 3.47. Introducing a Faraday angle, φr, merely starts
the plot at φr and goes to φr + 2pi. Thus, the phase shift between the initial plot
and the rotated plot is equal to φr. One could find φr by fitting the plot in figure 3.9
to
f(θ) = cos (2θ + φr) (3.49)
The fit result for the φr term is the Faraday angle. For the plots in 3.8 and 3.9, the
fit suggest φr =
pi
2
. It should be noted this procedure could be done in practice and
is equivalent to rotating a HWP to achieve the same asymmetry as decribed in the
previous section. In that method, the angle of the HWP represents the phase shift.
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Crucially, this is only the case if one knows there is no additional shift greater than
2pi.
3.3 Future Work
Physical lab work could not be completed for this experiment. 3 I will detail work
that is left to be done on this experiment. First, the setup needs to be completed.
We currently have only calibrated the optics for the probe laser, but have not set
up the balanced polarimeter in place. The balanced polarimeter requires calibration
because the photodiodes do not have equal gains. The uneven gains will effect the
shape of the asymmetry plots produced in figures 3.8 and 3.9 as they observe the x
and y components of the incoming light.
Much work will be done in the way of physically configuring our system. The
distance from where the probe beam leaves the optics table on the right of figure 3.6
to the balanced polarimeter to the left of the cell is about 1.5 meters. Sending the
laser through a path that passes through the cell and can be read by the polarimeter
will be a challenge. An added difficulty will be ensuring the pump and the probe
laser are nearly parallel. This means the probe laser will need to enter at a slight
angle.
Once our system is physically configured, we will follow the procedure detailed
in section 3.2.1. Our first goal will be to develop an understanding of the spatial
dependence of the polarization and how that depends on factors like laser spot size,
location, and temperature. This is fruitful as there have been no detailed studies
of alkali polarization in target cells. The second, more general goal is to explore the
mysterious x factor in 3He polarization. The maximum polarization of 3He in a hybrid
3It will be left to the reader to guess why the Spring of 2020 was a bad time to run experiments.
43
cell is given by
PHe = PA
γSE
γSE(1 +X) + Γr
(3.50)
Where PA is the alkali polarization, γSE is the spin exchange rate between
3He and
the alkali metals, Γr is the relaxation factor, and x is a phenomenological reduction
factor. x is present because even in a case where relaxation is minimal, PHe is still
smaller than PA. Why this happens is not understood. One hypothesis is that
the polarization inside a cell varies spatially, so the overall polarization could lag
because it is not uniformly spaced. Because no study of this variety has been done
to investigate the spatial dependence of polarization, this experiment could serve to
test this hypothesis.
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Chapter 4
Conclusion
In this work we set out to study the polarization in a hybrid 3He cell. The first
study involved isolating κo for K. This is a dimensionless constant that represents
the alkali interactions with 3He which must be known to perform frequency shift po-
larimetry. This experiment was successfully completed and data analysis is underway.
Our results are expected to be within 2% uncertainty which is the desired value for
their application. The values we found for κo will be supplied to Jefferson National
Laboratory to be used for their frequency shift polarimetry measurements on the very
same hybrid cells we ran our tests on. The low uncertainty in these measurements will
produce more accurate results in their Neutron Spin Asymmetry Experiment.
The second experiment set out to map the spatial dependence of alkali polarization
in a cell. To understand polarization in a 3He hybrid cell, it is sufficient to know the
alkali polarization. This is because the 3He is polarized by spin exchange collisions
with the alkali metals, so 3He polarization follows alkali polarization. The experiment
consists of measuring the Faraday angle, φr for various paths of a probe laser through
the cell. This experiment was modelled using matrix representations of optical com-
ponents. We were able to produce a plot for an idealized asymmetry measurement,
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which can be used to find φr.
While successfully modeled, this experiment has not been completed in the lab.
Much work remains in the way of assembling the experiment and taking values. The
results of this experiment can tell us about causes of relaxation in the cell and how
our pumping laser effects polarization. The spatial maps of the polarization can be
reproduced with varying conditions (like temperature, laser spot size and frequency)
to measure effects on the polarization profile. Ultimate goals of the experiment include
explaining the x factor in PHe, and understanding how to produce cells with more
uniform polarizations.
3He is an important substance in physics, medicine, and non-destructive testing.
The studies done in this work focus on its applications in physics in target cells.
Understanding target cells, and 3He polarization in general, has direct benefits in the
study of nuclear physics. The results from this study will help refine measurements
in the field, and expand our ability to understand the fundamental physics of the
atom.
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